Higher eukaryotes must adapt a totipotent genome to specialized cell types with a stable but limited repertoire of functions. One potential mechanism for lineage restriction is changes in chromatin, and differentiation-related chromatin changes have been observed for individual genes1-2. We have taken a genome-wide view of histone H3 lysine-9 dimethylation (H3K9Me2). We find that differentiated tissues exhibit surprisingly large K9-modified regions (up to 4.9 Mb), that are highly conserved between human and mouse, and differentiation-specific, covering only ~4% of the genome in undifferentiated mouse embryonic stem (ES) cells, compared to 31% in differentiated ES cells, ~46% in liver and ~10% in brain. They require histone methyltransferase G9a, and are inversely related to expression of genes within them, and we term them Large Organized Chromatin K9-modifications (LOCKs). LOCKs are substantially lost in cancer cell lines, and they may provide a cell type-heritable mechanism for phenotypic plasticity in development and disease.
and hybridized to the ENcylopedia Of DNA Elements (ENCODE) array and a custom array (Supplementary Table 1 ), covering ~2% of the human genome. H3K9Me2 revealed a dramatic clustering of modifications over relatively large genomic regions, up to 2.9 Mb ( Fig. 1 and Supplementary Fig. 2 ). For example, 7 Mb of human chromosome 15, harboring an imprinted gene cluster associated with Prader-Willi and Angelman syndromes, contained two such regions of ~2 Mb each (Fig. 1) . Interestingly, the paternally expressed imprinted genes were clustered within and near the edges of these regions, while maternally expressed imprinted genes were clustered between them (Fig. 1) , suggesting a potential role in gene repression. On the two arrays, ~20% of the genome was located within large heterochromatin H3K9Me2 regions in placenta (Supplementary Data 1). We validated the ChIP-on-chip data by quantitative ChIP real-time PCR for 19 sites both within and outside these regions, confirming in all cases the array hybridizations ( Supplementary Fig. 3 ). Supporting a functional role for these large K9-methylated regions, they were frequently bounded by known binding sites4 for CTCF (Fig. 1, Supplementary Fig. 2 ), a known insulator that establishes boundaries between euchromatin and heterochromatin5. 37 of 53 (70%) boundaries were within 100 kb of at least one CTCF binding site (P = 0.0001 based on 10,000 iterations). This does not contradict the major function of CTCF as an enhancer insulator, as the overwhelming majority of CTCF sites (83%) did not border these regions.
We repeated the experiments on a mouse ENCODE array, as well as a custom mouse array with regions syntenic to the human custom array (Fig. 2, Supplementary Fig. 4 ). 87.5% of the human modified regions were syntenic to modified regions in the mouse (P = 0, based on 10,000 iterations). We tested whether this higher order K9-methylation is specifically associated with differentiation, by comparing the results in undifferentiated mouse ES cells with in vitro randomly differentiated ES cells. We differentiated ES cells by removing leukemia inhibitory factor (LIF) and growing without feeder cells, which leads to a mixed population of partially differentiated cells6, confirmed by real-time quantitative PCR with six lineage-specific markers ( Supplementary Fig. 5 ). Strikingly, in the whole mouse genome, large-scale modifications were minimal to absent in undifferentiated ES cells, but arose on their differentiation (e.g., Fig. 3a) , comprising only 4% of the genome of undifferentiated ES cells, compared to 31% in differentiated ES cells. We extended this analysis to two adult mouse tissues, liver and brain, 45.6% of the genome showing higherorder modification in the liver, and 9.8% in the brain (Supplementary Table 2 ). The average size of the modified regions also increased from undifferentiated ES cells (43 kb) to differentiated ES cells (93 kb), and was comparatively large in the liver (235 kb), which also contained the largest modified regions (4.9 Mb, Supplementary Data 2). Because of their differentiation-and tissue-specificity, we refer to these regions as Large Organized Chromatin K9-modifications, or LOCKs.
We then tested whether LOCK formation was dependent on G9a, the dominant methyltransferase in H3K9 dimethylation7, by comparing differentiated G9a knockout ES to control differentiated ES cells prepared concurrently. Strikingly, differentiated ES cells deficient in G9a lacked > 90% of LOCKs compared to wild type differentiated ES cells (Fig. 3b, Supplementary Fig. 6 , Supplementary Data 3). Nevertheless, rare LOCKs were found in G9a-deficient differentiated ES cells ( Supplementary Fig. 6 ), indicating that H3K9Me2 is not entirely dependent on G9a. To exclude that LOCK loss in G9a-decicient cells was due to less differentiation compared to WT, we examined 6 lineage-specific markers using qRT-PCR in WT and G9a−/− cells, showing similar patterns ( Supplementary  Fig. 7 ). We then assayed expression of 10 genes within LOCKs lost in G9a-deficient ES cells, by qRT-PCR. Strikingly, 8 of 10 were over-expressed in G9a−/−comparing to WT ( Supplementary Fig. 8 ), indicating that LOCK loss in G9a−/− was functionally related to gene regulation.
Unlike H3K9Me2, H3K9Me3 did not show LOCK-like distribution in ChIP-chip experiments on differentiated WT and G9a −/− ES cells, using the Mouse ENCODE array, and the locations of the H3K9Me3 marks did not overlap those of H3K9Me2 LOCKs. In the WT cells, only 8 of 157 H3K9Me3 marks were in H3K9Me2 LOCKs, which is underrepresented compared with a random pattern (P = 0.0013). Interestingly, however, in the differentiated G9a knockout cells, the few LOCKs that appeared in those cells were enriched for H3K9Me3 marks (22 of 175, P < 0.001; Supplementary Data 4), indicating that in the absence of G9a an independent mechanism provides silencing marks in which H3K9Me2 LOCKs and H3K9Me3 marks overlap. We cannot rule out that absence of H3K9me3 LOCKs could be related to transient methylation-demethylation cycles. We also examined 6 loci within H3K9Me2 LOCKs lost in differentiated G9a −/− cells, using individual H3K27Me3 ChIP-qPCR. Neither WT nor G9a −/− differentiated ES cells were enriched for H3K27Me3 in the region of these LOCKs ( Supplementary Fig. 9 ).
We then asked whether tissue-specific LOCKs were associated with differential gene expression in tissues, by comparing LOCK localization in liver and brain to an independent gene expression dataset8. Genes that lay within LOCKs in the liver but not in the brain were largely silenced in liver, but showed a broad range of expression in brain (P = 0.002, Fig.  4a ). Similarly, genes in LOCKs in brain but not liver were largely silenced in brain, but showed a broad range of expression in liver (P = 10 −9 , Fig. 4b ). Genes that lay within LOCKs in both tissues were silenced in both (Fig. 4c) , while genes not in LOCKs in either liver or brain showed a broad range of expression in both tissues ( Fig. 4d ; P = 0.0002 and 0.005 for liver and brain, respectively). Genes within LOCKs and genes marked by H3K9Me2 individually were also found to show a similar relationship to gene silencing (Supplementary Table 3 ). Furthermore, tissue-specific silencing of genes in LOCKs often fell within functional gene clusters. For example, in a ~200 kb gene cluster belonging to the type-B carboxylesterase/lipase family, all of the genes that lay within LOCKs in the brain were silenced in the brain but highly expressed in the liver (Fig. 4e) . Thus, H3K9Me2 LOCKs are strongly associated with tissue-specific gene silencing where they occur in gene regions.
We performed functional annotation analysis with the DAVID tools9 on genes in tissuespecific LOCKs. In the genes within liver-specific LOCKs, all of the top 15 GO terms were related to non-liver functions, while the top 15 GO terms in brain LOCKs were associated with non-brain functions (Supplementary Tables 4, 5 ). Furthermore, genes in brain-specific LOCKs were preferentially expressed in the liver, and vice versa (P < 0.001, Supplementary Table 6 ), indicating that tissue-specific LOCKs were inversely related to tissue-specific function and gene expression.
We then investigated gene density of the LOCKs and CpG density of promoters of genes within the LOCKs. In undifferentiated ES cells, the gene density (genes per Mb) in LOCKs was 10.8, only slightly lower than non-LOCKs (12.8). However, in differentiated cells, the gene density of LOCKs was 4.4 in differentiated ES, 3.7 in liver and 5.4 in brain, much lower than those of non-LOCKs (16.6 in differentiated ES, 23.5 in liver and 15.2 in brain). Furthermore, the CpG density of the promoter regions of genes within LOCKs was relatively CpG-poor in all four cell types (Supplementary Fig. 10 ).
Finally, we performed a pilot experiment to ask whether LOCKs were abnormal in cancer. The fraction of genome within LOCKs in the cancer cell lines (3.0% in HCT116, 2.4% in HeLa) was dramatically less than that in heterogeneous placental tissue (10.6%) and homogeneous lymphoblastoid cells (11.1%). We validated this result by qPCR at three sites in these cells, as well as in two hematopoietic tumor lines, KG-1 and Ramos, which showed a pattern similar to the other tumor lines (Supplementary Fig. 11 ).
In summary, we have found that mammalian cells acquire large regions of H3K9 dimethylation during differentiation, which affect at least 30% of the genome. These regions are evolutionarily conserved, G9a-dependent, and linked to changes in gene expression in a tissue-specific manner, and they are substantially lost in human cancer cell lines. These results have important implications for the epigenetic regulation of gene expression. While organization of the genome into euchromatin and heterochromatin has been known for 80 years at the level of metaphase chromosomes10, the present data show that regional chromatin structure, over many hundreds of kilobases, is regulated during differentiation, and is associated with gene silencing over large regions. The term "Large Organized Chromatin K9-modifications" or LOCKs seems appropriate as they are much larger in scale than the relatively localized gene-associated modifications reported previously, and "organized" suggests a relationship to differentiation without implying cause and effect.
These results also strikingly complement the discovery of Guelen et al., of large nuclear lamina-associated domains (LADs) in humans11. 82% of the H3K9Me2 LOCKs identified in placenta in the present study overlap with the locations of LADs in fibroblasts identified by Guelen et al.11 . While they did not observe enrichment of H3K9Me2, that study relied on published ChIP-chip data12. It is nevertheless that experiments to identify nuclear lamina-binding chromosome regions, or to identify regions of large scale heterochromatin, generate similar chromosomal maps. Regions not in LOCKs could also correspond to looped-out regions of actively transcribed genes suggested by chromosome conformation capture experiments13-15.
The observation of gain of LOCKs upon differentiation also supports the idea of a dramatic heterochromatinization during development, which is consistent with recent evidence that the chromatin of undifferentiated ES cells is less condensed and has higher plasticity compared to differentiated cells1,16-17. Our observation is also consistent with a recent report showing global transcription in undifferentiated ES cells compared to the differentiated counterparts18. The loss of LOCKs in cancer cells, compared to comparably proliferative lymphoblastoid cell lines, suggests an epigenetic mechanism (un-LOCKing?) for altered gene expression in cancer in addition to those already known. It will be interesting to further explore how LOCKs might relate generally to the altered phenotypic plasticity that underlies the epigenetic basis of human disease19.
Previous reports indicate that gene-poor regions are closer to the nuclear periphery than gene-rich regions20-22. Our observations of low gene density of LOCKs in differentiated cells, together with the substantial overlap of LOCKs with lamin B-associated regions suggest a close link between LOCKs and nuclear architecture, as well as a substantial change of nuclear architecture upon differentiation. Furthermore, recent evidence suggests that the association of some genes with the nuclear membrane is reestablished after cell division23-24. Our data thus suggest a potential mechanism of the epigenetic memory of nuclear organization in differentiation (Fig. 5 ). In this model, in undifferentiated ES cells, only a small fraction of the genome is within LOCKs, and their nuclear positioning may be relatively apart from the nuclear membrane and show global expression. After differentiation, a much larger fraction of the genome is within LOCKs in a tissue-specific manner. The chromosome may be repositioned through the association of LOCKs and nuclear lamina, forming lineage-specific nuclear architectures. LOCKs could enhance and stabilize this interaction by providing the cooperative participation of multiple nearby sites to overcome the mechanical shearing and torsional forces on the chromosome that would inhibit its anchoring to the nuclear membrane. Genes within LOCKs would be largely or potentially silenced. Thus, the existence of relatively large complexes of post-translationally modified chromatin could facilitate nuclear lamina reassociation through mitosis maintaining nuclear architecture through cell division for repressed genomic regions. The causal mechanisms of these relationships, and in particular the mediators of interaction between LOCKs and the nuclear lamina, will be important questions for further study.
Methods Summary
Cell culture ES cell lines including the G9a knockout were cultured based on the standard protocol of the ES core laboratory at Johns Hopkins University (see Full Methods for details). We differentiated ES cells for 18-24 days by removing leukemia inhibitory factor (LIF, Chemicon) from the medium and culturing in plates without feeder cells.
ChIP-on-chip
Chromatin was isolated without sonication or formalin cross linking, by digested with micrococcal nuclease (MNase, GE Healthcare, Piscataway, NJ), and then chromatin immunoprecipitation was performed with an antibody specific to H3K9Me2 (Abcam, Cambridge, MA). Details are provided in the supplementary methods. ChIP and input DNA were amplified, labeled by Cy5 and Cy3 respectively, and hybridized to NimbleGen tilling arrays as described4.
Data analysis
We first conducted within-array normalization to correct the probe sequence effects and position bias. Then we did partial quantile normalization to correct for bias across different arrays. The log 2 ratios of Cy5 over Cy3 were smoothed by 15 kb sliding windows. LOCKs are defined as the genomic regions where smoothed values are above 97.5th quantile of log ratios in reference regions (see Full Methods for details). The pdf files containing all the pictures of LOCKs can be obtained through our website: http://rafalab.jhsph.edu/k9LOCKs/.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. ChIP-on-chip data of the ENCODE region ENr213 in human placenta and its syntenic region in mouse liver. Dots and curves are as in Fig. 1 . The location of H3K9Me2 LOCKs is highly consistent between human and mouse. The LOCK on the right part of the figure begins at the 3′end of the CDH2 gene in both human and mouse. See also Supplementary  Fig. 4 . Genes that lay within LOCKs in the liver but not in the brain were largely silenced in liver, but showed a broad range of expression in brain (P = 0.002). Similarly, genes in LOCKs in brain but not liver, while fewer in number were largely silenced in brain, but showed a broad range of expression in liver (P = 10 −9 ). Genes that lay within LOCKs in both tissues were silenced in both, while genes not in LOCKs in either liver or brain were broadly expressed in both tissues (P = 0.0002 and 0.005 for liver and brain, respectively). e, an example of a gene clusters in a tissue-specific LOCK. Expression levels of transcripts are based on the GNF Atlas track from UCSC genome browser. This region is marked by brain LOCKs, and correspondingly, the genes under LOCKs are silenced (green) in brain but highly expressed (red) in liver. In undifferentiated ES cells (upper left), the genome is largely unmarked by H3K9Me2 LOCKs, chromosomal positioning is relatively apart from the nuclear membrane and shows global expression. In differentiated cells such as brain (upper right) and liver (lower left), large fractions of the genome are marked by H3K9Me2 LOCKs in a tissue-specific manner. The chromosome may be repositioned through the association of H3K9Me2 and nuclear lamina through unknown mediator proteins, forming lineage-specific nuclear architectures. During cell division, the lamina-LOCK association can be remembered in mitosis (lower right) and the nuclear architecture reestablished through a mechanism dependent on nuclear envelope breakdown and reformation23,24 and enhanced by contiguous sites of H3K9Me2 modification.
